Abstract: We investigate couplings of squarks to gauge and Higgs-bosons within the framework of non-minimal flavour violation in the Minimal Supersymmetric Standard Model. Introducing non-diagonal elements in the mass matrices of squarks, we first study their impact on the self-energies and physical mass eigenvalues of squarks. We then present an extensive analysis of bosonic squark decays for variations of the flavour-violating parameters around the two benchmark scenarios SPS1a' and SPS1b. Signatures, that would be characteristic for a non-minimal flavour structure in the squark sector, can be found in wide regions of the parameter space.
Introduction
With the start of the Large Hadron Collider (LHC) first measurements at the TeVscale will be realized in near future. Although the Standard Model (SM) of particle physics has given most accurate predictions for a wide range of phenomena, there are strong hints that it is not the ultimate theory, but should rather be thought of as a low-energy limit of a more fundamental framework. Among the numerous candidates for the latter, the Minimal Supersymmetric Standard Model (MSSM) is probably the best-studied extension of the Standard Model. Postulating a superpartner with opposite statistics for each SM particle, supersymmetry (SUSY) cures the hierarchy problem by stabilising the Higgs mass, can lead to gauge-coupling unification, and includes natural candidates for the dark matter observed in our Universe. Although it is clear that supersymmetry must be broken at the electroweak scale, there is no theoretical consensus about the exact breaking mechanism. One therefore introduces so-called soft SUSY breaking parameters which do not introduce quadratic divergences. Thus, the stability of the ratio of the electroweak scale over a GUT scale or the Planck scale is maintained. It will be the task of LHC and other future colliders like the ILC to measure these parameters as precisely as possible [1] which then will give a clue on how SUSY is broken.
One of the open questions related to the breaking mechanism concerns the flavour structure of the MSSM. The hypothesis of minimal flavour violation (MFV) [2] assumes that it is the same as in the Standard Model, where all quark flavour-violating interactions are parametrised through the CKM-matrix. However, in principle new sources of flavour violation can appear within supersymmetric models, especially if they are embedded in larger frameworks such as grand unified theories [3, 4, 5] . This so-called non-minimal flavour violation (NMFV) allows for non-diagonal, i.e. flavourviolating, entries in the mass matrices at the weak scale, that cannot be related to the CKM-matrix any more. These entries are conveniently taken as additional free parameters and can imply a different phenomenology as compared to the case of MFV. For a more detailed review on flavour violation in the MSSM see, e.g., ref. [6] .
In the last years, various publications have focused on the phenomenology of nonminimal flavour violation in the squark sector of the MSSM. In refs. [7] and [8] , loopinduced effects on the decays of top-quarks or Higgs-bosons have been investigated, respectively. Various flavour-changing neutral current processes related to the topquark have been discussed in refs. [9, 10] . The production of squarks and gauginos at hadron colliders has been studied in refs. [11, 12] , and in refs. [13, 14, 15] possible signatures of gluino and squark decays have been discussed.
The aim of the present paper is to provide a complementary study in the context of bosonic decays of squarks. Therefore, we investigate the impact of new sources of flavour violation on the couplings of the squarks to gauge and Higgs-bosons. Such flavour-violating couplings can induce new contributions to the squark mass matrices, either at the tree-level or at the one-loop level or both. These contributions influence directly the mass spectrum and the flavour decomposition of the different squark mass eigenstates. Concerning the decays into vector bosons or Higgs-bosons, NMFV in the squark sector can allow for interesting signatures already at tree-level, that would not be possible within the framework of MFV. If squarks are discovered at the LHC and the relevant signals can be revealed in the decay chains, they would allow to exclude the hypothesis of MFV in the MSSM. This paper is organised as follows. In sec. 2, we review the parametrisation of flavour violation in the squark sector of the MSSM and the most relevant experimental constraints. We then discuss in sec. 3 the impact of NMFV on the squark mass spectrum at the one-loop level and the induced flavour-mixing terms. We finally study experimental signatures related to flavour-violating squark decays into final states containing gauge and Higgs-bosons in sec. 4 . Conclusions are given in sec. 5.
In order to diagonalize the mass matrices of eq. (2.1), two 6 × 6 rotation matrices Rũ and Rd are needed, defined such that diag(m for i, j = 1, 2, 3 (and i = j). Note that with this definition one can account for potential large left-right mixing effects as the traces correspond roughly to the sum of the squark masses squared at tree level. Many experimental measurements impose constraints on the parameter space of the MSSM. In the context of flavour transitions, the most relevant constraints come from precision measurements of mixing and decays of K-and B-mesons, where the squarks enter at the same loop-level as the standard model contributions. In particular, very stringent constraints are imposed on generation mixing involving first generation squarks [19, 20, 21] . We take them implicitly into account by considering only mixing between second and third generation squarks, which is least constrained. In particular, this means that we consider seven independent NMFV parameters,
where we omit for simplicity the generation indices. The so-defined parameters are assumed to be real, the influence of possible complex phases being beyond the scope of this work.
We then explicitly impose the constraints given in table 1 on the flavour mixing between second and third generation squarks. The experimental upper and lower limits on BR(B s → µ + µ − ) and m h 0 are given at the 95% confidence level, while the error intervals for the other observables are given at the 68% (1σ) confidence level.
The calculation of the physical mass spectrum and the rotation matrices as well as the observables shown in table 1 is done using SPheno 3.0 [22] 1 . Furthermore, in order to perform scans over the parameter space in an efficient way on a computer cluster, we make use of the Mathematica package MapCore described in ref. [23] .
The scenarios discussed in the following are in agreement with the the current experimental limits given above at 95% confidence level for wide ranges of the parameters of eq. (2.6). Here, we also take into account the available theoretical error estimates given in table 1. A detailed study of the allowed ranges in the parameter space is, however, beyond the scope of this paper. For selected parameter configurations, we shall in sec. 4 indicate the allowed ranges of the NMFV-parameters δ IJ q . Detailed studies of constraints on the MSSM parameter space due to precision measurements and low-energy observables can also be found in refs. [9, 10, 11, 12, 14, 15, 16, 17, 18] .
Impact of quark flavour violation on squark masses
The following study is based on the two reference scenarios SPS1a' [32] and SPS1b [33] in the framework of minimal supergravity (mSUGRA) to fix the flavour diagonal parameters. The corresponding input parameters at the grand unification scale are the universal scalar mass m 0 = 70 (200) GeV, gaugino mass m 1/2 = 250 (400) GeV, and trilinear coupling A 0 = −300 (0) GeV for SPS1a' (SPS1b). At the GUT scale we take T f = A 0 Y f where Y f is the corresponding Yukawa coupling. In contrast tan β = 10 (30) is given at the scale m Z . The higgsino mass parameter µ is positive for both scenarios. For the input values of the standard model parameters we refer the reader to ref. [28] . The mass of the top quark has been set to m pole t = 172.9 GeV. The soft-breaking terms and the mass spectrum at the SUSY scale Q = 1 TeV are obtained through two-loop renormalization group (RGE) running [24] . The calculation of the physical masses is done at the one-loop level, including leading two-loop contributions to the Higgs masses. Here we have included flavour effects in the renormalization group (RGE) running as well as in the calculation of the masses and mixing matrices.
In table 2 we show the resulting physical masses and the corresponding flavour decomposition of the up-and down-type squarks in the case of minimal flavour SPS1a' violation (MFV) for the two reference scenarios. For both points the left-right mixing is most important for third generation squarks. Due to the larger value of tan β in the case of SPS1b the sbottom mixing is larger w.r.t. SPS1a'. The small mixings involving the first and second generation are CKM-induced both in the RGE running of the parameters as well as in corresponding entries of the one-loop mass matrices. Since here the CKM-matrix is the only source of flavour mixing, this is relevant for left-handed squarks only.
In the following, we focus mainly on the scenario SPS1a' for a detailed discussion of variations around the MFV-case, and discuss additional effects induced due to the larger value of tan β using SPS1b. We add at the electroweak scale additional NMFV-parameters to the MFV-parameters obtained in the RGE running and study their effects on masses and mixing. As a first example, let us study the dependence on δ RR d . This parameter induces a directs R -b R mixing and affects at tree-level the down-sector only and at the one-loop level a tiny mixing is induced in the up-sector as well. In fig. 1 A similar situation is present in the sector of up-type squarks for a variation of the parameter δ case (see table 2 ). As a consequence, the exchange of flavour contents between the u-squarks is less pronounced.
Due to SU (2) invariance a non-zero parameter δ LL induces both ac L -t L and as Lb L mixing. In figure we show the squark mass eigenvalues and flavour decompositions of selected up-type squarks as a function of δ LL while all other NMFV-parameters of eq. (2.6) are kept to zero. Again, level-crossings and flavour exchanges are observed already for moderate values of δ LL . Note that here the behaviour of the up-type squarks is not symmetric w.r.t. the MFV-case, which is a consequence of the CKMrelation between the two left-left blocks of the mass matrices. In consequence, small
The fact that this asymmetry shows in the up-sector is due to the definition of the super-CKM basis, where the down-type squarks are diagonal.
Let us now turn to flavour-violating entries in the off-diagonal blocks of the squark mass matrices. Fig. 3 shows the dependence of up-type squark mass eigenvalues and flavour contents as a function of δ RL d . Since this parameter affects not only the mass matrix but primarily the squark-squark-Higgs coupling, we observe significant differences to the previous cases. First, instead of an increasing mass splitting, the two lightest down-type squark masses decrease both with increasing δ In the limit where these contributions dominate we get from eqs. (B.2) and (B.3) (see  table 2 ), the mass parameter ofs R receives a two times larger corrections than the mass parameter ofs L . Note, that independent of the sign of (T D ) 23 this contributions will reduce the trace of the down squark mass matrix compared to the MFV case leading to the observed reduction of the two lightest states.
The resulting decrease of the diagonal elements overcompensates the increase of the off-diagonal ones. In consequence, the strong mixing of the two lightest downtype squark states is reversed for δ RL d → ±1. This "unmixing" effect is observed, e.g., in fig. 3 for |δ also affects the sector of up-type squarks. In particular, the mass parameter oft L receives a correction of similar size than its isospin partnerb L . For this reason, also the two stop-states unmix for large |δ
The most interesting NMFV-parameters are those inducing off-diagonal entries in the trilinear couplings of up-type squarks. In the mSUGRA scenarios under consideration here, the diagonal entry (T U ) 33 is relatively large due to large top Yukawa coupling. This does not only imply important corrections to the couplings as discussed above, but can also lead to new flavour-mixing entries that are induced at the one-loop level.
We first discuss the parameter δ RL u that induces the one-loop contributions tõ c R -t R mixing shown in fig. 5 . Here, the contribution from the light Higgs-boson h 0 is more important since in the up-squark sector in the decoupling limit the couplings to the heavy Higgs bosons are tan β-suppressed. Another difference w.r.t. the sdown-mixing parameters δ
RL,LR d
is that the loop-induced right-right mixing becomes relevant because of the large value of (T U ) 33 which enters the loop via the combination (T U ) 32 (T U ) 33 . The corrections to the mass parameters, however, are due to the linear dependence much smaller than in the sdown-sector.
In order to numerically illustrate this, we show in fig. 6 the mass parameters and selected entries of the mixing matrix as a function of the NMFV-parameter δ RL u . The graph also shows that both mixing elements depend linearly on δ RL u . The quadratically dependent self-energies cannot challenge the left-right mixing, so that u 1 andũ 6 approach maximally mixed states consisting ofc R andt L for δ RL u → ±1 whereasũ 1 is a nearly puret R state in this limit with a smallc R admixture.
Finally, let us study variations of parameter δ LR u inducing a direct mixing between the gauge eigenstatesc L andt R . At the one-loop level, this parameter induces corrections to the mass parameter ofs L , the isospin partner of the left-handed flavour c L . On top of that, the graphs shown in fig. 7 lead to a sizeable mixing betweenc L and t L and betweens L andb L , the latter again due to the strong top Yukawa coupling. In contrast, the rather small charm Yukawa coupling does not allow for remarkable influence on the sector of sdown-squarks. This is also in contrast to the variation of δ RL u discussed above, where the opposite situation has been observed. The diagonal mass parameters shown in fig. 8 are again quadratic in the NMFVparameter δ LR u , while the tree-levelc L -t R mixing and the loop-induceds L -b L mixing show a linear dependence. The latter also holds asymptotically for thec L -t L mixing, where the offset can be traced to the fact that the left-left block of the up-type squark mass matrices is not diagonal in the super-CKM basis. This effect is also visible in a slight asymmetry in the flavour contents shown in fig. 8 . The level-crossing betweeñ u 2 andũ 4 occurs, e.g., at δ LR u ≈ −0.6 and δ LR u ≈ 0.4. We also see in fig. 8 that the decrease of the diagonal elements cannot compensate the increase of thec L -t R mixing. In consequence, we observe a rather "conventional" mass splitting tending towards a equipartition of the mixing flavours in the lightest and heaviest mass eigenstatesũ 1 andũ 6 for δ LR u → ±1.
Quark flavour violating decays of squarks into bosons
Assuming MFV, the couplings of squarks to Z 0 -and Higgs-bosons are in good approximation diagonal in generation space. In consequence, only two squark flavours of the same generation can be involved in the corresponding interactions. As a further consequence, the decay of a given squarkq i into a Z 0 -or Higgs-boson can involve SPS1a'
Branching ratios
Branching ratios Table 3 : Branching ratios of kinematically allowed decays of squarks into gauge and Higgs bosons for the reference scenarios SPS1a' (left) and SPS1b (right) assuming MFV.
only one further squarkq j (if kinematically allowed). For our reference scenarios, this can be seen in table 3, where we show the branching ratios of the kinematically allowed decays of squarks into gauge and Higgs-bosons. Note that in both cases the heavier u-squark is mainly the heavier stop.
In the same way, decays of a certain down-
For our examples, we have the decaysd 1 →ũ 1 W − andd 2 →ũ 1 W − . Note that due to the CKM-matrix further flavour-violating decays are in principal allowed, e.g. due to as L →t L transition. These are, however, strongly suppressed w.r.t. to the generation-conserving channels mentioned above. The generation-conserving transitionsũ 6 →d 1,2 W + are kinematically forbidden in the SPS1a' scenario. Let us now discuss which experimental signatures related to squark decays would be able to challenge the hypothesis of MFV. If at least one of the NMFV-parameters in eq. (2.6) is non-zero, a further up-type squark mass eigenstate can obtain sufficiently large admixtures oft R ort L in order to open a new decay channel with a Z 0 or h 0 in the final state. In addition, the modified mass splitting alters the kinematical conditions as discussed in sec. 3. In the same way, non-vanishing generation mixing can allow for more than one (two) squark(s) decaying into the same final state squark and a neutral (charged) boson. Observing such additional decays would be a clear hint towards a non-minimal flavour structure in the squark sector. Obviously, the same reasoning also holds for the down-type squarks.
To summarise, relevant NMFV-signatures for decays of squarks into final states with W ± , Z 0 , and Higgs-bosons would be:
•q i →q j Z 0 orq i →q j h 0 for a fixed value of i and at least two different values of j or for a fixed value of j and at least two different values of i,
•q i →q j W ± orq i →q j H ± for a fixed value of i and at least three different values of j or for a fixed value of j and at least three different values of i.
In the following, we discuss our results for the scenarios SPS1a' and SPS1b for the variation of one or two NMFV-parameters. 
Signatures for the variation of one NMFV-parameter
As our main reference scenario for the following discussion we choose again the benchmark point SPS1a'. For specific cases, we shall also comment on SPS1b. The experimental constraints of table 1 allow for rather large variations of the NMFVparameter δ The right panel of fig. 9 shows that the rapid increase of the branching fraction is due to the increase of the partial width of this particular channel combined with a decrease of the decayd 4 →χ 0 1 s, which is dominant in the MFV-case. For small values of δ RR d , the decrease of the coupling strength is compensated by the increased mass splitting, so that the width Γ(d 4 →ũ 1 W − ) remains practically constant. For SPS1a' we observe thus a strong NMFV-signature with three important branching ratios around 30% related to decays into a W-boson for δ RR d ±0.1. For SPS1b, the channels involving W-bosons are less important, reaching branching ratios from 3% to 13%.
Since the parameter δ
RR d
has no influence on the sector of up-type squarks, no further decay of an up-squark into a Z 0 -or Higgs-bosons can be induced. In the MFV-case (see table 3), the mass splitting is not sufficient to allow for such a decay for down-type squarks. For increasing flavour mixing, the decay of a downtype squark into a neutral bosons becomes possible allowed due to the increased mass splitting. For δ the corresponding coupling is suppressed. For similar reasons, kinematically allowed decays into h 0 cannot be observed since the coupling is approximately zero due to a negative interference between the D-and F-term contributions.
Variations of the parameter δ RR u only influence the sector of up-type squarks in such a way that no NMFV-signatures with decays of sdown-squarks into W-bosons can be induced. There are only the two possible modes given in table 3. Nevertheless, the corresponding branching ratios depend on the flavour-mixing parameter δ RR u due to decreasing mass ofũ 1 . At the same time, the mass ofũ 6 increases, so that the decayũ 6 →d 1 W + opens for |δ For comparison, we show in fig. 11 the corresponding branching ratios of uptype squarks for the reference scenario SPS1b. Generally, this point features lower branching ratios. It is interesting to note that there is even a small range around δ RR u ≈ 0.138, where the decays of three different squarks into the same final state are possible. This feature is associated to a rather smooth level-crossing betweenũ 4 and u 6 , where both states have a sizeablet L -content. The main difference w.r.t. SPS1a' lies in the initial mass splitting in the MFV-case, which is not sufficient to maket 2 the heaviest up-type squark (see table 2 ). Instead the third generation mass eigenstates are the two lightest ones, as is also the case for the down-type squarks. This leads to a different structure of the flavour mixings induced by the NMFV-parameters.
In contrast to the flavour mixing in the right-right sectors discussed above, the parameter δ LL is rather constrained due to the decay b → sγ, allowing only for the narrow interval −0.08 δ Let us start the discussion with the parameter δ LR u inducing ac R -t L mixing. Here, additional decays into W-bosons cannot be achieved due to the fact that, exceptd 1 andd 6 , no down-type squarks obtain ab L admixture, which can lead to decays intõ u 1 . In the case of MFV, the decayũ 6 →ũ 1 Z 0 is the only channel involving a Zboson. For already rather small |δ RL u | 0.03, a second channelũ 2 →ũ 1 Z 0 with the same final state opens with a branching ratio of up to about 10% as shown in fig.  12 . The reason therefore is the non-zerot L content inũ 2 (see fig. 6 ). Its decrease for |δ RL u | 0.25 is compensated by the increasing phase space so that the branching ratio remains nearly constant. The branching ratio of the initial decayũ 6 →ũ 1 Z 0 increases with the mass splitting. The corresponding coupling only changes within a range of 10%.
In fig. 12 , we show the decays of squarks into light Higgs bosons as a function of the NMFV-parameter δ RL u for the reference scenario SPS1a'. Here, the initial decayũ 6 →ũ 1 h 0 decreases with increasing flavour mixing. The relevant coupling is dominated by a left-right component, but thet R content ofũ 1 andũ 6 decreases (see fig. 6 ). For |δ RL u | 0.3, the new channelũ 2 →ũ 1 h 0 opens leading to a characteristic NMFV-signature. However, the decayũ 6 →ũ 1 h 0 falls rapidly below 1%, so that only the rather narrow interval −0.03 ≤ δ behaviour is analogous to the case of δ RR u discussed above. The numerical results for the branching ratios of these decays are shown in fig. 13 .
Finally, let us discuss the squark decays as a function of the parameter δ LR u . For this parameter, it is again possible to observe a NMFV-signature from decays into Wbosons. In fig. 14 0.08. The corresponding branching ratio amounts to up to 20% within the experimentally allowed range, leading to a sizeable NMFV-signature. Note that this signature is not typical for a parameter in the sector of up-squarks and is possible only due to the loop-induceds L -b L mixing discussed in sec. 3. Due to the mass splitting, the three relevant branching ratios increase with the flavour-mixing parameter.
For SPS1b, the branching ratios of the three signal decaysd 1,2,3 →ũ 1 W + are with branching ratios of about 30-60% rather sizeable. For δ LR u −0.35, even a fourth channel due to the decay ofd 5 opens up. However, the corresponding branching fraction in the experimentally allowed range remains below 1.6%.
The above results for SPS1a' and SPS1b can be summarized as follows:
• The NMFV-parameters in the sdown-sector only induce signatures related to W-bosons.
• The parameters in the sup-sector induce mainly signatures related to Z-and Higgs-bosons. The latter have mostly smaller branching ratios due to the suppressed phase space.
• The parameter δ LL acts on both the sup-and sdown-sectors and can therefore induce three W-channels as well as two Z-or Higgs-channels. However, this parameter is heavily constraint from experimental data.
• The parameters δ RR u and δ
are rather unconstrained and allow for large mass splitting leading to large branching ratios for decays into vector bosons.
These features are to some extend a consequence of the original mSUGRA boundary conditions. However, the basic structure is the same as in other breaking schemes like GMSB or AMSB. One would need some non-universal boundary condition at the high scale to depart from this feature. One possibility are, e.g., extra D-term contributions occurring from the breaking of a higher rank group to the SM group. For example, if SO(10) or E(6) get broken to the SM, there are D-terms contributing differently to the left-and right squarks [34] .
Finally, selected signatures for the variation of one single NMFV-parameter for the reference scenarios SPS1a' and SPS1b are collected in tables 4 and 5, respectively. They have been chosen by the requirement to provide potentially large signals.
Signatures for the variation of two NMFV-parameters
The signatures related to non-minimal flavour violation in the squark sector discussed above can be extended or amplified if more than one of the parameters defined in eq. (2.6) is non-zero. In particular, the relevant branching ratios can be increased and additional NMFV-signatures can appear. Here, we limit ourselves to the simultaneous variation of two NMFV-parameters, leaving more involved variations for later analyses. We also discuss only the combinations of parameters that lead to new signatures w.r.t. the variations discussed in sec. 4.1.
Since the above analysis has shown that the most interesting parameters are δ LL and δ LR u , we start our discussion with their simultaneous variation. A second interesting combination of parameters is δ In fig. 15 we show the experimentally allowed ranges at the 95% confidence level in the δ LL -δ Let us now turn to the decays of squarks into W-bosons. Fig. 16 shows that up to four decay channels can involve the same final stateũ 1 Table 5 : Branching ratios of squark decays leading to typical NMFV-signatures for selected parameter points beyond MFV based on the benchmark scenario SPS1b.
compared to the aspects discussed in sec. 4.1 is that there is a wide experimentally allowed range where the channelsd 6 →ũ 1 W − andd 5 →ũ 1 W − both are open. Note that this signature with up to four W-bosons is possible in wide regions of parameter space.
As discussed in the previous section, NMFV-signatures due to decays into Zbosons are present over wide ranges of the analysed parameter space. However, there are only rather small regions where branching ratios for three different u-squarks intõ u 1 Z 0 exceed five percent. Concerning decays into light Higgs-bosons, the reference scenario SPS1a' does not lead to new features if one allows for two non-zero NMFV-parameters. Although the couplings can become rather important, the phase space does not allow for additional branching ratios larger than 1%. However, new decay channels involving Higgs-bosons open in the case of SPS1b, as can be seen in fig. 17 . Here, we havẽ u 6 ≈c L if all NMFV-parameters are zero, and the two lightest squarks are the stops. is non-zero. If both parameters are non-zero, the branching fraction can be as large as about 4%. Therefore, while the decaysũ 2 →ũ 1 Z 0 andũ 6 →ũ 2 Z 0 are sizable over most of the parameter space considered, the other two are small and large statistics will be necessary to measure them. We observe a similar picture in the context of decays into Higgs-bosons. Again, 
Conclusion
In summary, we have discussed which signatures related to bosonic decays of squarks could be able to challenge the hypothesis of minimal flavour violation in supersymmetry. Therefore, we have investigated in detail the effect of non-minimally flavourviolating couplings of squarks to gauge-and Higgs-bosons within the MSSM. Starting Table 6 : Branching ratios of squark decays leading to NMFV-signatures for selected parameter points with two non-zero NMFV-parameters.
from the benchmark scenarios SPS1a' and SPS1b we have introduced off-diagonal, i.e. flavour violating, parameters in the mass matrices of up-and down-type squarks.
After discussing their contributions to squark self-energy at the tree-or the oneloop level, we have studied in detail their implications for the decay of squarks into gauge-and Higgs-bosons. In particular, we have shown that each of the parameters inducing a flavour mixing between second and third generation squarks has a special characteristic, which is independent of the exact reference scenario. Combination of two parameters leads to a superposition of the associated effects on the mass spectrum and the decay signatures.
Typical signatures of non-minimally flavour-violating couplings can be observed in wide ranges of the analyzed parameter space: they involve either multiple decay modes of one single squark state into final states with gauge or Higgs bosons. The second possibility is that more than one squarks decay into the same final state containing a squark and a Z/Higgs-boson or that more than two squarks decay into the same final state containing a squark and W-boson or the charged Higgs boson. Clearly disentangling these final states is experimentally challenging and further detailed Monte Carlo studies will be necessary to demonstrate the feasibility of this idea.
We note that the detailed results presented here depend on the SUSY point chosen, e.g., the dominance of final states containing W -bosons (Z-and neutral Higgs bosons) in case of down-type squarks (up-type) squarks changes as sign of NMFV. Other SUSY breaking schemes and/or additional D-term contributions stemming from the breaking of larger rank groups to the SM gauge group might change the hierarchy between the soft SUSY breaking parameters leading to additional decay modes and/or suppressing the modes discussed here due to different kinematics. However, in general one gets sizable NMFV decay branching ratios except for the regions where all squark masses parameters squared are nearly degenerate and at the same time all left-right mixing entries are small.
As final result, if it will be possible to observe squarks at the LHC and to reconstruct their decay channels, the observation of the discussed signal would exclude the hypothesis of minimal flavour violation. Then, the purely bosonic decay modes discussed in this paper would deliver complementary information w.r.t. fermionic decays into charginos, neutralinos, or gluinos, which will be helpful for reconstructing the couplings and mass parameters of supersymmetric partners of the Standard Model particles.
A.1 Squark-squark-vector couplings
Since gluons and photons are gauge bosons of the unbroken symmetry SU(3)×U(1) em and couple in equal manner to left-and right-handed squarks, their couplings to the physical mass eigenstates are not influenced by the presence of non-minimally flavour-violating terms. The latter only affect the couplings to Z-and W-bosons. In the super-CKM basis and using the same notation as in sec. 2, the relevant terms are given by the Lagrangian
These terms are almost identical to the quark-quark-vector couplings with the difference that the squark fields have to be transformed to the mass eigenbasisq
The resulting coupling terms in the mass basis are given by
Here, in addition to the CKM-matrix, the rotation matrices Rq enter the couplings explicitly, leading to NMFV-effects, e.g., in squark decays. While for couplings with W-bosons, both rotation matrices are present, in couplings to Z-bosons, only products of two entries of the same rotation matrix appear. In consequence, the couplings to W-bosons are affected by all NMFV-parameters defined in sec. 2, while for a given squark decay into a Z-boson only at most four of them are relevant. Note that, although the matrices Rq are unitary, the product (Rq) si (R † q ) it = δ st , since no summation over the right-handed indices is performed. The term including the photon field A µ is included only for completeness.
A.2 Squark-squark-Higgs couplings
In the super-CKM basis, the Lagrangian including the coupling of squarks to the lighter neutral Higgs boson, h 0 , is given by
and
for up-and down-type squarks, respectively. The terms including tan 2 θ W stem from the D-terms of the scalar potential and are flavour-universal. Expressions with quark masses m u,d are the Yukawa-and F-terms, and the trilinear couplings are explicit breaking terms that couple left-handed to right-handed squarks. Transformation into the mass basis of the squark fields, the above expressions become
The couplings of squarks to the heavier neutral Higgs-boson H 0 are obtained by replacing h 0 → H 0 , sin α → cos α, and cos α → − sin α.
The pseudoscalar Higgs-boson A 0 is a mixture of the imaginary parts of the neutral components of the two doublets. Therefore it is anti-hermitian and the real diagonal contributions to the couplings vanish. The structure of the remaining terms is rather simple, the corresponding Lagrangian in the super-CKM basis is given by
Transformation into the mass eigenbasis leads to
Finally, the couplings of charged Higgs-bosons to squarks are given in super-
CKM basis by
leading to the following expression in the squark mass basis
B. One-loop mass matrices
The one-loop mass matrizes are given by the equations below and have been crosschecked using the package SARAH [36, 37] . The mass eigenvalues squared are obtained by taking the real part of the poles of the propagator matrix
In this expression, M 2 q is the tree-level mass matrix given in eq. (2.1) where all entries contain running DR parameters at a common scale Q. Π(Q 2 ) contains the squark self-energy functions evaluated at the scale Q.
We obtain where the notationq i indicates that the corresponding squark is in the electroweak eigenbasis. The following couplings are independent of the squark type: We are summing over repeated indices and usually it is assumed that in case of 3 × 3 matrices the range of the summation is restricted to 3. The one-loop scalar functions A 0 , B 0 , F 0 and G 0 can be found in appendix B of ref. [38] , where also the tree-level masses for charginos, neutralinos, and the Higgs-bosons are given. The slepton and sneutrino masses including flavour violation can be found, e.g., in refs. [39, 40] .
